The grain boundary character distribution in a commercial IF steel has been measured as a function of lattice misorientation and boundary plane orientation. The grain boundary plane distribution revealed a relatively low anisotropy with a tendency for grain boundaries to terminate on low index planes having relatively low surface energy and large interplanar spacings. Although the most common grain boundary plane orientation was (111), grain boundaries terminated on higher index planes were sometimes found. For instance, at a misorientation angle of 60 deg about [111], symmetric {112} tilt boundaries were far more populous than [111] twist boundaries. The current observation revealed an inverse relationship between the measured populations and the previously reported grain boundary energies.
I. INTRODUCTION
INTERSTITIAL free (IF) steels are widely employed for automobile panels as they offer excellent deep drawability. This property is mainly attributed to the control of a unique texture development (i.e., c-fiber) through the recrystallization process. [1] Surprisingly, less attention has been given to the role of grain boundary characteristics to the outstanding property in IF-steels, though the presence of grain boundaries in polycrystalline materials significantly controls their mechanical behavior.
The grain boundaries can, for instance, act as the source of dislocations and the resistance to the dislocation motion from one grain to another. This results in an increase in the strength with a decrease in the grain size (i.e., dislocation mean free path) as illustrated by the Hall-Petch relationship. [2, 3] Interestingly, ferritic steels generally exhibit an abnormally high Hall-Petch slope (i.e., typically on the order of 20 MPa/mm 0.5 ) compared with other metals (e.g., austenitic steels). This is primarily linked to the presence of interstitial elements (i.e., carbon) at the grain boundaries. [4] However, a similar trend was reported for IF steels [5] where the interstitial elements are negligible. This encourages investigation of the characteristics of the grain boundary plane (i.e., distribution and energy) in IF steels; because the grain boundaries are active structural elements, certain properties of crystalline materials are controlled to a large extent by their characteristics.
Five grain boundary parameters are required to quantitatively characterize the grain boundary plane distribution, consisting of three misorientation parameters to describe the orientation relationship across the grain boundary, and two parameters specifying the orientation of the boundary plane. [6] Although, the former can be readily obtained through conventional two-dimensional electron back-scattered diffraction (EBSD), the latter, indeed, needs new tools such as the dual beam focused ion beam scanning electron microscope (i.e., serial sectioning) and high energy X-ray tomography, to precisely resolve and visualize the threedimensional internal microstructures of materials. However, limited work has been undertaken to date for the grain boundary characterization using advanced threedimensional analysis techniques [7, 8] due to their complexity and time constraints.
Recently, all five grain boundary parameters can statistically be measured through the conventional EBSD orientation mapping technique. This unique procedure, which is described in detail elsewhere, [6] enables us to successfully measure the grain boundary plane orientation distribution along with the misorientation distribution. This technique was employed to survey the grain boundary plane distribution in different materials, such as Al, [9] SrTiO 3 , [10] TiO 2 , [11] MgAl 2 O 4 , [11] MgO [12] and determine the correlation between the grain boundary plane distribution and the grain boundary energy. These measurements generally revealed remarkable anisotropy in the distribution of grain boundary planes at a given lattice misorientation. Furthermore, the distribution of grain boundary surfaces was widely dominated by low index interfaces, which indeed appeared as low energy surface planes. [12] The five-parameter analysis has been widely employed for ceramic materials and face-centered cubic metals. The only five-parameter analysis on body-centred cubic crystal structure was a very limited study of the grain boundary distribution of a Fe-1 pct Si alloy. [13] In view of the continuing interest in the distribution of grain boundary planes, and our limited knowledge of this distribution in technologically important ferritic steels, the objective of the present paper is to provide a detailed description of the grain boundary character distribution in a commercial IF steel using the five-parameter grain boundary analysis technique. The experimental observations are compared with calculated grain boundary energies [14] to examine whether the relationship between the boundary plane distribution and energy reported for other materials is maintained in a body-centered cubic metal (i.e., IF steel).
II. EXPERIMENTAL PROCEDURE
The IF steel composition used in this study was 0.003C-0.13Mn-0.08Ti-0.03Al-0.004N (wt pct). The experimental material was in the form of slab product with a thickness of 25 mm. The thickness of material was initially reduced to 5 mm through multipass rolling in the temperature range of 1473 K to 1273 K (1200°C to 1000°C) followed by air cooling. The material was then cold-rolled to 80 pct reduction and annealed at 1073 K (800°C) for 15 min in a fluid bed furnace in flowing nitrogen gas.
Samples for EBSD were prepared by standard mechanical polishing, finished with a colloidal silica slurry polish. EBSD measurements were carried out using a FEGSEM Quanta 3D FEI scanning electron microscope operated at 20 kV. The instrument was equipped with a fully automated EBSD device attachment. Data acquisition and post processing were performed using the TexSEM Laboratories, Inc. software (TSL). Multiple EBSD maps were acquired using a spatial step size of 1 lm on a hexagonal grid. The total area covered approximately 26 mm 2 containing more than 50,000 distinct grains. The average confidence index generally varied between 0.80 and 0.85.
A grain dilation clean-up function in the TSL software was employed for all orientation maps to remove ambiguous data. A single orientation was then assigned to a given grain through averaging all orientation data belonging to that grain. Boundary line traces/segments were extracted after smoothing of uneven grain boundaries using the reconstruction grain boundary function in TSL software and employing a boundary deviation limit of 2 pixels (i.e., 2 lm). There were~300,000 line traces after excluding the boundary segments of less than 3 lm. These line traces were employed to calculate the five-parameter grain boundary character distribution using a procedure described in detail elsewhere. [6] The stereological calculation of the grain boundary character distribution assumes that the grain pairs are uniformly distributed in orientation space. In other words, each collection of bicrystals in the data set with the same misorientation must be randomly orientated. However, in the present case, where the sample is textured, this assumption does not apply. To account for the texture, we calculated the grain boundary character distribution using a procedure that removes the textureinduced bias in the distribution of observed bicrystal orientations. Specifically, all observations associated with a specific misorientation type were weighted inversely according to their frequency of appearance in a given range of orientation space. This procedure recovers the desired random distribution of orientations for each bicrystal type and removes texture induced bias in the stereological calculation. The analysis was carried out at 11 bins per 90 degree level of discretization, which offers about 8.2 degree resolution (i.e., 85 pct of the bins contained at least five observations) in the current study. The grain boundary character was shown in stereographic projection and presented as multiples of a random distribution (MRD) corresponding to relative areas (i.e., values greater than one indicate planes that are observed more frequently than expected in a random distribution).
III. RESULTS
The annealed microstructure of IF steel consisted of equiaxed grains with an average grain size of 13 lm (Figure 1) . The material revealed a pronounced c-fiber h111i||ND crystallographic texture (Figure 2(a) ), which is typical for cold rolled and annealed IF steels.
[1] The inverse pole figure was characterized by a relatively strong texture having a maximum of 8.8 times random intensity (Figure 2 (b)), with stronger (111) fibers oriented along the normal direction. The presence of the fiber texture resulted in a relatively uniform grain boundary misorientation angle distribution, which is quantitatively different from randomly textured materials (i.e., random misorientation angle distribution, [15] also known as Mackenzie distribution) having a maxima at about 45 deg misorientation angle. It is rather a bimodal distribution revealing two peaks at low (i.e., 10 deg) and high (i.e.,~50) misorientation angles ( Figure 3(a) ). This is also unlike the misorientation angle distribution in fcc metals, where the highest population of boundaries is centered about the 60 deg misorientation angle. [16] Similarly, it appeared that the population of the coincidence site lattice (CSL) boundaries was significantly low compared with fcc materials (e.g., Ni and Cu in Reference 17), though the R3 boundary revealed a relatively greater population among others ( Figure 3(b) ). The CSL boundaries were classified using Brandon criterion, R3 n with n ‡ 3 (i.e., n = 3, 5, 7,…,up to 27), as a function of total boundary length.
The parameterization of the distribution in Figure 3 reflects only the misorientation angle. To also show the distribution of misorientation axes, k(Dg), averaged over all boundaries planes, Rodrigues-Frank space was employed ( Figure 4 ). The Rodrigues vector (Dg) is a unique vector having a direction parallel to the common axis of misorientation and its magnitude is proportional to the tangent of one half of the misorientation angle. Misorientation Angle (°) 0.00 Figure 4 (h). The projection of misorientation data was presented at different sections through the three dimensional space perpendicular to r 3 (i.e., [001], Figure 4 ). The misorientation distribution data revealed significant texture; the distribution has a maximum at low misorientation angles (i.e.,~14 times random at maximum). The distribution can also indicate the presence of coincidence lattice boundaries as they can mainly be found on the edges of the Rodrigues-Frank space, as pointed out in Figure 4 . The current result revealed the presence of low sigma CSL boundaries (i.e., R3) and some high sigma boundaries such as R61c, R33c ( Figure 4) .
CSL Boundary
As the Rodrigues-Frank space only represents three parameters of the grain boundary character distribution (i.e., misorientation distribution), the relative area distribution of grain boundary planes, k(n), was plotted in the stereographic projection to investigate the distribution of grain boundary planes in the crystal reference frame. Here, the [001] crystal axis was located perpendicular to the paper plane and the [100] direction pointed horizontally in the plane of the paper to the right. The distribution of grain boundary planes for all misorientations revealed a relatively low anisotropy, having a maximum at the (111) position with a value of 1.36 MRD (i.e., 36 pct greater than expected in a random distribution). The minimum of the distribution was centered at (100) with 0.8 MRD ( Figure 5 ). The distribution was~1.1 MRD at the (101) position.
The complete grain boundary character distribution depends on five parameters and this can only be shown by plotting the distribution of grain boundary planes at a fixed misorientation, k(n|x/ [uvw] 8, and 9) . A schematic reference frame for the projection is plotted for each misorientation axis to highlight the positions of the plane normals associated to the twist boundaries (i.e., parallel to a given misorientation axis) and the tilt boundaries (i.e., perpendicular to the misorientation axis, Figures 6(a), 8(a), and 9(a) ). The latter, indeed, consisted of symmetric tilt boundaries, where the surfaces on either side of the boundary are the same (e.g., {112}||{112}) and asymmetric tilt boundaries (i.e. boundary surfaces have different plane indices). We note here that throughout our description of the grain boundary distribution, reference to tilt and twist types apply only to the representation of boundaries in the fundamental zone. As has been pointed out recently by Morawiec, [18] different representations of a single boundary can be classified as tilt, twist, or mixed.
There are significant changes in the distribution of grain boundary planes as a function of misorientation angle for all misorientation axes. At low misorientation angle, the distribution showed peaks on both (111) pure twist and tilt boundaries (Figure 6(b) ). At higher misorientation angles about [111], the peak distributions were remarkably altered. The distribution was mainly centered at the (111) twist position, revealing a lower population along the zone of tilt boundaries at a misorientation angle of 22 deg (i.e., R21a, Figure 6(c) ). The populations of both tilt and twist boundaries further reduced as the misorientation angle reached 38 deg (i.e., R7, Figure 6(d) ). Beyond that, the population of tilt boundaries gradually increased with the misorientation angle at the expense of the (111) twist boundaries (Figures 6(e), (f) and 7) .
Interestingly, the distribution broadened along the zone of tilt boundaries (i.e., the great circle perpendicular to [111] axis, Figures 6(e) through (f)) with misorientation angle, as multiple peaks appeared beyond a 46.8 deg misorientation. However, there was no noticeable change observed at the position of peak for twist boundary with the misorientation (Figures 6(b) and (c)). These observations can be understood considering the strong preference for given types of planes and the geometric constraints associated with a bicrystal. In a {111} pure twist boundary, for example, both crystals can be terminated by a {111} plane at the interface. In other words, the plane normals of both adjoining interfaces are parallel. As a result, the distribution of grain boundary planes about the twist positions do not alter noticeably with the change in the misorientation angle. In contrast, the complementary plane in the adjoining crystal to a pure tilt boundary, for example {112}, would have a different index (i.e., asymmetric tilt boundary). If a crystal is terminated by a (112) plane, the complementary crystal has to be terminated by a (uvw) plane inclined by the misorientation angle away from (112). Consequently, the peak at (112) spreads along the zone axis of the tilt boundaries as the misorientation angle changes. Similar variations in the distribution of grain boundary planes with the misorientation angle were also observed along the zone of tilt boundaries in MgO [12] and SrTiO 3 [10] for the [100] misorientation axis. At a 60 deg misorientation angle, the distribution maxima were centered at the symmetric tilt boundaries with~16 MRD, though the (111) twist boundaries revealed the minimum distribution (i.e.,~0 MRD, Figure 6 (f)). However, the overall population averaged over all boundary planes at this misorientation is only 2 to 2.5 MRD despite a significant change in the distribution of the maxima (Figure 7) . Interestingly, the distribution of grain boundary planes for R3 boundaries in IF steel revealed almost no presence of (111)||(111) 60 deg twist boundaries (so called coherent twin boundaries in fcc metals) and they mostly appeared as symmetric tilt boundaries (e.g., the {211}||{211}, which are coherent twin planes in bcc crystals [19] ). A similar trend was observed for the [101] misorientation axis with respect to the misorientation angle ( Figure 8) . Initially, the population was focused on the {110}||{110} twist boundaries (Figure 8(b) ). An increase in the misorientation angle gradually resulted in the appearance of the symmetric tilt boundary traces laid on the zone axis of tilt boundaries (i.e., the great circle perpendicular to [110] axis, e.g., {221}||{221} in Figures 8(b) through (d) ). However, the extent of this change was not as great as the [111] misorientation axis and the lattice misorientation and the twist and tilt boundaries coexisted even at 50.5 deg misorientation (i.e., R11, Figure 8(d) ). In contrast, the distribution for [100] axis was mainly centered on the {111} positions at a misorientation angle of 22.6 deg (i.e., R13a, Figure 9(b) ). There were also symmetric tilt boundaries, e.g., (012)||(012), which appeared on the zone axis of the tilt boundaries (i.e., the vertical great circle in the center of stereogram) at low misorientation angle (Figures 9(a)  and (b) ). As the misorientation angle increased, the population of both {111} twist and symmetric tilt (e.g., {012}||{012}) boundaries significantly decreased and the distribution moved towards the {100} twist boundaries (Figures 9(b) through (d) ). As a result, the distribution was mainly centered on the {100} planes for a misorientation angle of 36.9 deg (i.e., R5, Figure 9(d) ). Finally, it should be noted that the relative population of boundaries with [100] misorientations was significantly less than those with [111] or [110] misorientations.
The population of twist boundaries for all misorientation axes along the edges of the standard stereographic triangle was plotted (Figure 10 ). The population of twist boundaries against twist angle can be observed through horizontal lines for a given misorientation axis. The population intensity was presented in a log scale (MRD + 1). The peaks can be closely correlated to the distribution of grain boundary planes discussed in Figures 6 through 9 . The multiple peaks that appeared on the left hand side of the plot corresponded to low misorientation angle boundaries (i.e., x < 15 deg separated by a dash line). Other low misorientation positions were labeled as ''LA''. The distribution of grain boundary planes for low misorientation angle boundaries cannot be easily explained as they consisted of arrays of dislocations. Generally speaking, the low angle boundaries with the minimum number of dislocations are preferable and they typically are perpendicular to the Burgers vector of the dominant dislocation (i.e., 1/ 2h111i for bcc metals [19] ). There was also a wide peak at twist angles between 15 and 45 deg about the [111] axis, which related to twist boundaries such as R7, R19b and R21a, as observed in Figure 6 . The population of twist boundaries gradually reduced as the misorientation angle approached 60 deg where it reached a minimum. These changes were a result of an increase in the population of tilt boundaries (i.e., symmetric and asymmetric) at the expense of 
IV. DISCUSSION
The current five-parameter analysis of IF steel clearly revealed important trends, which cannot be distinguished through the misorientation analysis alone (Figures 3 and  4) . The distribution of grain boundary planes averaged over all misorientations highlighted that the internal {111} planes occur at about twice the frequency of the {100} planes (i.e., the cleavage crystallographic plane in ferritic steels, [20] Figure 5 ). In other words, the grain boundaries are more frequently terminated by {111} planes than any other orientations. However, this is in contrast with the result earlier presented for a Fe-1 pct Si steel, where the minimum frequency was observed on the {111} plane and the maximum plane distribution was centered about the {110} planes. In addition, very little anisotropy was observed in the distribution of grain boundary planes (i.e., about 10 pct higher than expected for a random distribution). [13] The evolution of microstructure is known to strongly depend on the anisotropy of grain boundary energy. It is known that there is a strong inverse correlation between the grain boundary energy and its population (i.e., the high energy planes have the minimum population and vice versa). [10] [11] [12] The energy of grain boundary can closely be correlated with the surface energy as they both imitate the local disruption in atomic bonds at the grain boundary interface. The surface energy anisotropy of Fe-3 pct Si was measured for a temperature range of 1273 K to 1673 K (1000°C to 1400°C) using a lattice harmonics series in conjunction with Fourier analysis technique. [21] Interestingly, the temperature revealed a strong effect on the surface energy, as it altered the minimum surface energy for different temperature ranges. The (111) surface had the minimum energy at a temperature between 1473 K and 1273 K (1200°C and 1000°C), though the minimum surface energy was measured for (110) surface at a temperature range of 1473 K to 1573 K (1200°C to 1300°C). Their results also showed a minimum surface energy for (100) at 1673 K (1400°C). These changes were discussed in terms of silicon/oxygen absorption on planes at different temperature regimes. This suggests that the current result can be explained through the surface energy measured at 1273 K to 1473 K (1000°C to 1200°C), where the (111) revealed the minimum surface energy. In contrast to the Gale et al. [21] observations, Mee [22] linked the plane surface energy to the texture development rather than the absorption of oxygen in Fe-3 pct Si. It was also shown that there is enough driving force to promote (111)huvwi texture during the recrystallization at a temperature range of 1373 K (1100°C), where (111) surface revealed the minimum energy. [22] Mee's result is consistent with the current observation as there is a pronounced (111)//ND texture due to the static recrystallization and the (111) plane showed a maxima (i.e., most likely due to the minimum surface energy, Figure 5 ). The difference in the current grain boundary plane distribution with the previous study on Fe-1 pct Si [13] could, therefore, arise from the differences in the thermomechanical processing or the composition of the alloy.
The current result also confirms that there is a significant anisotropy in the distribution of grain boundary normals at a given lattice misorientation (i.e., k(n|x/(uvw))) compared with the distribution of internal grain surfaces (i.e., k(n)) in IF-steel (Figures 6,  8, and 9 ). In addition, the distribution of grain boundary normals for most low CSL boundaries in IF steel is significantly different from those having a fcc structure (e.g., Cu, Ni, [17] Al, [9] and a-brass [23] ). The CSL boundaries observed as pure twist boundaries in fcc metals (e.g., R3 = 60/[111]) appeared to be symmetric tilt boundaries in the IF steel (Figure 6(f) ) and vice versa (e.g., R5 and R9 in Figures 9(d) and 8(c), respectively) . This suggests that the distribution of grain boundary normals is significantly changed by the crystal lattice structure for a given misorientation angle and that there is a completely different set of low-energy grain boundary planes in the bcc crystal structure compared with the fcc lattice. [24] Recently the grain boundary energies for pure a-iron was computed by Kim et al. [14] using molecular statics. In the current study, the supplemental online data in Reference 14 was used to plot the grain boundary energy distribution for different low CSL boundaries ( Figure 11 ). The comparison between the grain boundary population and the relative grain boundary energy generally reveals an inverse correlation; i.e., the higher population the lower energy ( Figures 6, 8, 9 , and 11). For example, the R3 boundary reveals maximum energy (c) Fig. 11 -The grain boundary energy distributions for different CSL boundaries using the computed grain boundary energies in Ref. [14] .
122-VOLUME 44A, JANUARY 2013at the pure twist {111} plane and minima along the zone of tilt boundaries, where they have the lowest and highest populations, respectively (Figures 6(f) and 11(a)). Similarly, the maximum and minimum energies for R9 boundary were centered at the tilt and twist boundaries, respectively, which have opposite relationship with their populations (Figures 8(c) and 11(d) ).
The grain boundary energy can be defined as the sum of the energy of two adjacent crystal surfaces minus the binding energy. [25] The latter is related to the atoms bonded on either side of the boundary interface, which is closely related to the average interplanar spacing of two adjacent boundary surfaces. [26] Therefore, it would be expected that the surfaces with low indices have low energy as they have high planar density with large interplanar spacing. However, the current result does not fully support this hypothesis, as there are some cases in which the low indices boundaries do not have necessarily low energy and consequently high population. For the case of the R3 boundary, for example, the peak is centered on the symmetric tilt {112} plane, which has lower interplanar spacing compared with the pure twist {111} plane (i.e., low index), where the minimum distribution was located. This is consistent with experimental measurements [27] and a recent simulation, [14] shown in Figure 11 (a), revealing that the {112} twin grain boundary plane in bcc structure is lower in energy than the {111} plane. To fully examine this hypothesis, the planar coincident site density (PCSD) was calculated using PCSD = B/(h 2 + k 2 + l 2 ) 1/2 for a number of low CSL grain boundary configurations and compared with their populations as shown in Table I and Figure 12. Here B is the number of atoms per unit cell in the lattice, i.e., two for body centered cubic and four for face centered cubic materials. hkl represent the grain boundary indices. The current result revealed that there is no strong correlation between the planar coincident site densities with the populations (Table I and Figure 12 ). For instance, the third highest population belongs to R7/(111) with the eighth lowest planar coincidence site density ( Figure 12 ). This can be related to the presence of (111) planes on either side of the interface similar to a coherent twin. In contrast, the symmetric R5 tilt boundary, i.e., 37 deg/[100], [100] reveals a relatively low population, even though it has the highest planar coincidence site density among low CSL boundaries. The current observation, therefore, suggests that the planar coincidence cannot explain the grain boundary distribution/energy in IF steel. A similar conclusion was also made by others, studying grain boundaries in Al [9] and gold. [28] V. SUMMARY
In the present study, the grain boundary character distribution in a commercial IF steel was extensively examined as a function of lattice misorientation and boundary plane orientation. The grain boundaries were most frequently terminated on {111} planes showing a tendency for low index planes with relatively low surface energy and large interplanar spacings. However, there were a few boundaries terminated on planes with higher index. For instance, the symmetric tilt boundaries comprised of two {112} planes on either side of the interface dominated the population at the lattice misorientation of 60 deg about the [111] axis. Interestingly, the measured grain boundary populations in the present study were inversely correlated to previously calculated grain boundary energies.
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